Purpose: Next-generation sequencing (NGS) often identifies multiple rare predicted-deleterious variants (RDVs) in different genes associated with a recessive disorder in a given patient. Such variants have been proposed to contribute to digenicity/oligogenicity or "triallelism" or to act as genetic modifiers.
INTRODUCTION
Next-generation sequencing (NGS) has revolutionized the identification of genes underlying rare diseases, leading to the recognition that many Mendelian conditions are genetically heterogeneous. 1, 2 The genes associated with a given disorder often function together in a biological pathway or network, leading to the reclassification of some seemingly disparate disorders into disease groups unified by common pathophysiological mechanisms. Among the most striking examples are the ciliopathies, where individual disorders share causal genes and key phenotypic features (retinal dystrophy, fibrocystic kidney disease, hepatic fibrosis, polydactyly) 3 .
Joubert syndrome (JBTS, MIM PS213300) is a prototypical ciliopathy, characterized by a pathognomonic hindbrain imaging finding called the molar tooth sign (MTS). 4, 5 In addition to this core clinical feature, JBTS exhibits substantial phenotypic variability, with 60% of individuals displaying additional features that span the entire spectrum of ciliopathy phenotypes. 6, 7 JBTS follows a recessive inheritance pattern (or X-linked in the case of OFD1) with prominent genetic heterogeneity, since mutations in~30 genes have been shown to cause this disorder. 6, 8 Mutations in several of these genes also cause the more severe Meckel syndrome (MKS, MIM PS249000), which typically results in fetal or neonatal demise. 9 Given the marked genetic heterogeneity of JBTS/MKS, identifying the genetic diagnosis is now typically accomplished using NGS, which often leads to the identification of rare predicted-deleterious variants (RDVs) in two or more known JBTS genes in a given individual. Such findings have been suggested to lead to "oligogenicity," 10-21 a term that has been used to describe several distinct situations in the context of ciliopathies. Most commonly, "oligogenicity" refers to an inheritance mode in which variants in different genes contribute to disease causality. Digenic inheritance, in which single heterozygous RDVs in two different genes cause disease, has been proposed for a small number of families with nephronophthisis, a ciliopathy characterized by fibrocystic renal disease (NPHP, MIM 256100) and in JBTS. [10] [11] [12] [13] [14] In addition, the combination of biallelic RDVs in one gene with a third RDV in a second gene has been proposed as a novel inheritance mode (called "triallelism") in the related ciliopathy Bardet-Biedl syndrome (BBS, MIM 209900). 11, 15, 16 Finally, given the prominent phenotypic variability observed in ciliopathies, the term "oligogenicity" has also been used to denote the idea that variants in other genes, present in addition to biallelic RDVs in one causal gene, may affect the phenotypic outcome, 8 a situation more specifically designated by the term "genetic modifiers." [17] [18] [19] [20] [21] While each of these situations has been proposed in a handful of families with diverse ciliopathies, it remains unclear how widespread such findings are, and how the occurrence of multiple variants in genes associated with the same recessive disorder should be interpreted and/or reported. To answer these questions, we took a systematic approach: using NGS of 25 known JBTS genes in a large JBTS cohort and comparing our results with data from a similarly sequenced control cohort, the UK 1958 Birth Cohort, and population data from the Exome Aggregation Consortium database (ExAC), we investigated the evidence for (i) digenic/ oligogenic inheritance, (ii) triallelism, and (iii) genetic modifiers.
MATERIALS AND METHODS

Subject ascertainment and phenotypic data
Enrollment criteria for the University of Washington Joubert Syndrome Research Program and methodology for collection of clinical data were previously described. 6 All participants were enrolled with written informed consent for the study approved by the University of Washington Institutional Review Board. Neurologically Normal Caucasian Control Panels (National Institute of Neurological Disorders and Stroke (NINDS); Coriell panels NDPT020 and NDPT090http://ccr.coriell.org) were sequenced as controls.
Mutation identification
Using molecular inversion probes, 22, 23 we sequenced 25 genes associated with JBTS (Supplementary Table S1 online) as previously described. 6 We included only samples with ≥ 25X coverage for > 80% of the targeted base pairs and considered initially only high-quality variants (depth ≥ 25, quality by depth > 5). We used the Combined Annotation Dependent Depletion (CADD) algorithm to estimate the predicted deleteriousness of variants (version 1.3; http://cadd.gs.washing ton.edu/score). Only RDVs were retained for analysis, as defined by a minor allele frequency (MAF) o0.2% in the Exome Variant Server (http://evs.gs.washington.edu/EVS/), and a CADD score ≥ 15. The CADD score cutoff was determined by maximizing the number of affected individuals "solved," while minimizing false positives (Supplementary Figure S1 ), as previously described. 6 When DNA from unaffected siblings was available, the presence or absence of the causal RDVs identified in the proband was determined using targeted Sanger sequencing. We identified copy-number variations using the relative read depth of individual molecular inversion probes across sequenced samples, as previously described. 23 
Analysis of population data from ExAC and the UK 1958 Birth Cohort
Per sample exome-sequencing data from 907 individuals in the UK 1958 Birth Cohort (http://www.cls.ioe.ac.uk/ncds) was filtered for RDVs in the 25 JBTS genes, using the same criteria as for our in-house sequenced controls and JBTS cohort (MAF o0.2%, CADD ≥ 15).
Only samples of European ancestry in ExAC were considered to match the Caucasian NINDS control panel sequenced. NPHP1 was excluded for this analysis, because only deletions in this gene have been associated with JBTS. For each of the 24 genes analyzed, we calculated the joint RDV allele frequency by adding the frequencies of individual alleles that had a CADD score ≥ 15 and MAF o0.2% in European samples. Since each individual has two alleles, carrier rates for RDVs in each gene were estimated to be twice this joint allele frequency. To calculate the likelihood of combinations of heterozygous RDVs being harbored in any two of 24 JBTS genes, we multiplied the carrier rates for each gene (independent probabilities), for all possible pairs of genes (1 + 2, 1 + 3, etc.) and summed the results ( Supplementary  Table S2 ).
Statistical methods
Comparisons between groups were performed using chisquare or exact binomial tests as appropriate. Significance of correlations between number of RDVs and number of phenotypic features was tested using Pearson's correlation coefficient.
RESULTS
Solve rate of 65% in a classic recessive inheritance model
To estimate whether digenic/oligogenic inheritance modes may occur in JBTS, we first determined the proportion of individuals solved using a classic recessive model, i.e., biallelic mutations in one known JBTS gene ( Figure 1a ). We sequenced 25 known JBTS genes in 386 individuals from 333 families and 175 individuals without neurological disease from NINDS ( Supplementary Table S1 ). On average, 93% of targeted base pairs in affected samples and 95% in controls had ≥ 25X coverage. RDVs were defined by MAF o0.2% in the Exome Variant Server and a CADD score ≥ 15. Using these methods, we were able to identify the presumed genetic cause in 212/386 affected individuals (55%; Figure 1a′ ), with a false-positive rate of 2.3% (4/175 controls harbored two RDVs in one JBTS gene; Figure 1a′′′ ). Among the remaining 174 "unsolved" individuals with JBTS, 48 had no RDVs in any of the 25 genes screened and 126 had single RDVs in at least one gene.
The large proportion of affected individuals carrying single heterozygous RDVs in JBTS genes suggests that a second RDV in the same gene might have been missed. To identify second RDVs and search for additional recessive causes, we evaluated lower-quality RDVs that had been excluded and previously generated Sanger sequencing data, searched for insertions/deletions in the 25 analyzed genes and sequenced novel JBTS genes (KIAA0586 and C2CD3). Including these results, we were able to identify recessive causes in 39 additional individuals, increasing the total solve rate to 65% (251/386; Figure 1a′′ ).
Variant types and distribution differ between controls and individuals with JBTS
We next investigated whether the predicted functional effects of variants differed between affected individuals and controls by comparing the distribution and functional categories (truncating, missense, intronic, synonymous, indels) of RDVs identified in controls with the presumed causal RDVs in "solved" affected individuals. Truncating variants (stop-gain, canonical splice site, and frameshift) comprised 54% of all causal variants in "solved" individuals, ranging between 9% (INPP5E) and 95% (CEP290 or CSPP1) (Figure 2a ). In contrast, the overall proportion of truncating RDVs in controls was much lower (13/76 = 17% vs. 256/474 = 54%, P o 0.0001, chi-square). This difference was most striking for CEP290 RDVs (and to a lesser extent KIF7 RDVs), which were highly overrepresented in controls and mostly nontruncating, while causal RDVs in these genes are almost exclusively truncating (Figures 2a and 2c ).
Recessive inheritance
Recessive analysis: We next compared the RDVs identified in "unsolved" affected individuals to the presumed-causal RDVs in "solved" affected individuals and to those identified in controls.
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Minimal evidence for oligogenicity in JBTS based on coding RDVs in JBTS genes
Evidence for digenic/oligogenic inheritance requires identification of heterozygous RDVs in two or more JBTS genes in individuals who do not have two RDVs in a single gene ( Figure 1b) . In our cohort, 20 affected individuals harbored single heterozygous RDVs in two or more JBTS genes (two genes in 13 individuals, three genes in 5, and four genes in 2; Figure 1b′ and Supplementary Table S3 ). Of these, one individual had an affected sibling who did not carry the same two RDVs, which excludes these variants as the cause. Therefore, a digenic/oligogenic inheritance mode could explain at most 4.9% (19/386) of JBTS. For comparison, 14/175 (8%) controls harbored single heterozygous RDVs in two or more genes (two genes in 11 individuals, and three genes in three; Figure 1b′′ ; 19/386 vs. 14/175: P = 0.21, chi-square).
To further assess the frequency of control individuals harboring RDVs in two or more JBTS genes in a larger control population, we analyzed per-sample exome sequencing data from 907 individuals in the UK 1958 Birth Cohort for RDVs (MAF o0.2%, CADD ≥ 15) in the 25 JBTS genes. Similar to the NINDS controls, we identified nine individuals (1%) harboring two RDVs in one JBTS gene (likely false positives), 208 (23%) carrying a single heterozygous RDV in one JBTS gene and 38 carrying single heterozygous RDVs in two (32) or three (6) JBTS genes (38/907 = 4.2%; Figures 1a′′′′ and 1b′′′ and Table 1 ). This proportion does not statistically differ from that observed in our JBTS cohort (19/386 = 4.9% vs. 38/907 = 4.2%, P = 0.66, chi-square).
While our findings indicate that combinations of RDVs in several JBTS genes do not cause disease in the majority of cases, they do not rule out disease causality in a minority of specific situations. Therefore, we further scrutinized the types of combined RDVs in the 19 affected individuals, 14 NINDS, and 38 UK 1958 controls. We found no significant difference in functional categories between affected individuals and either set of controls (Supplementary Figure S2a) , and average CADD scores were comparable between cases and controls (Supplementary Figure S2b) . The distribution of genes harboring RDVs was also not strikingly different, and no recurrent gene-specific association pattern was observed in affected individuals compared to controls ( Supplementary  Table S3 and Supplementary Figure S2c ).
High number of RDVs in JBTS genes in population data
We further compared the RDV frequencies observed in our NINDS controls to allele frequencies found in European samples in ExAC. 24 Using the same criteria for retaining ExAC variants as in our NINDS controls (MAF o0.2%, CADD ≥ 15 or predicted truncating), and adding up the frequencies for individual alleles in each gene, the observed joint allele frequency by gene in European populations ranged from 0.15% for TMEM138 to 2.6% for CEP290, similar frequencies to those identified in NINDS controls (Supplementary Table S4 ). Based on the allele frequencies from ExAC, the probability that a given individual carries heterozygous RDVs in any two of 24 JBTS genes (NPHP1 excluded) is 9.3% ( Table 1 and Supplementary Table S2 ), similar to the 6.2% (11/175, Figure 1b" ) observed in NINDS controls. This high prevalence of RDVs in two JBTS genes is not compatible with disease causality in the majority of cases, given the estimated joint prevalence of 1/25,000-1/30,000 for JBTS and MKS. 4, 9 This observation remains true even when excluding RDVs with CADD scores o20 or o25 ( Table 1 and Supplementary Table S2 ). In conclusion, combined RDVs in two or more JBTS genes occur commonly in unaffected individuals.
No evidence for triallelism in JBTS
The presence of two RDVs in one JBTS gene does not exclude the possibility that a third allele (in a different gene) might be required for disease occurrence, a mechanism previously described as "triallelism" (Figure 3a) . If triallelism were the inheritance mode in a family, unaffected relatives should carry the same two alleles in one JBTS gene as the probands, presumably lacking the third allele. To address this possibility in JBTS, we sequenced 126 unaffected siblings of 87 probands with known genetic cause (Figure 3b) . In our cohort, we did not identify any unaffected individuals who harbored the 
Phenotypic discrepancies between individuals sharing the same causal mutations support the existence of genetic modifiers
The highly variable phenotypic presentation in JBTS prompted the hypothesis that RDVs in JBTS genes, present in addition to the biallelic causal RDVs, act as genetic modifiers ( Figure 4a ). 8 Since some genotype-phenotype correlations have been identified, 6,25-28 substantial phenotypic variability could be explained by allele-specific consequences. To control for the influence of the causal mutations, we considered 58 sets of individuals sharing identical causal alleles, including families with multiple affected individuals, as well as unrelated individuals with the same causal mutations (Supplementary Figure S3a) . A discordant phenotype, where other ciliopathy features were present in addition to the MTS in some but not other affected individuals, was observed in 35/58 sets (60%; Figure 4b ). This included progressive features such as retinal or renal disease (discrepant in nine situations each) and nonprogressive, readily recognizable features, such as encephalocele (n = 11), polydactyly (n = 7) or coloboma (n = 2) ( Figure 4c) . These observations support the hypothesis that genetic modifiers affect the severity of JBTS.
Lack of correlation between additional RDVs in JBTS genes and phenotypic severity
A correlation between the presence of additional RDVs and phenotypic outcomes (Figure 4a ) would further support the existence of genetic modifiers. Among 29 sets of affected individuals with shared causal alleles and discordant phenotypic features, for whom NGS data was available in all individuals, we found no difference in number of additional RDVs for 14 sets (Figure 4d ). 15/29 sets with discordant phenotypes had differing numbers of additional RDVs, but these did not correlate with the presence of additional phenotypic features (Pearson's correlation coefficient − 0.06) (Figure 4d ; Supplementary Table S5 ). We further questioned whether additional RDVs in specific genes correlated with phenotypic severity (Figure 4e) or whether additional RDVs were more common with specific causal genes (Supplementary Figure S3c) , but did not detect any obvious gene-specific trends.
To expand our analysis to the entire cohort, we analyzed all heterozygous RDVs present in addition to the two causal RDVs in 251 "solved" individuals and searched for a correlation with disease severity. While additional heterozygous RDVs in one or more JBTS genes were observed in 38% of individuals (96/251; Figure 4f ), their presence/number did not correlate with presence/absence of additional phenotypic features (Pearson's correlation coefficient -0.02; Supplementary Table S5 and Supplementary Figure S3b) . Interestingly, the distribution and functional categories of additional heterozygous RDVs observed in "solved" individuals with JBTS diverged from those in controls; almost no additional truncating alleles were present in "solved" individuals, while variants in TTC21B and IFT172 were overrepresented compared to controls (Figure 2d) . The presence of additional RDVs in these two genes did not, however, correlate with disease severity (Figure 4e) .
In eight affected individuals, we identified two RDVs in each of two different JBTS genes ( Supplementary Table S6 ). Remarkably, only one of these eight patients (UW050-6) had a more severe phenotype (encephalocele) than did his affected relative, carrying the same RDVs in only one of the genes. No major phenotypic differences were present in the other individuals, indicating that even the presence of two RDVs in a second JBTS gene does not necessarily enhance phenotypic severity.
DISCUSSION
JBTS is a recessive disorder
Our findings lend little support for coding RDVs in JBTS genes acting through non-Mendelian inheritance modes as clinically relevant disease mechanisms.
We found no support for triallelism, as previously reported in Bardet-Biedl syndrome, 15 based on the absence of unaffected siblings carrying the same biallelic causal RDVs as their affected relatives. Other recent work has failed to support the existence of this particular inheritance mode in other ciliopathies. [29] [30] [31] Digenic inheritance, which is well-documented and occasionally supported by functional studies in other disorders, 11, 32 has been proposed in ciliopathies based on isolated reports of individuals harboring heterozygous coding variants in two ciliopathy genes. Our systematic analysis found little evidence to support oligogenicity based on coding RDVs in 25 known JBTS genes: in our JBTS cohort, only a small number of individuals harbor RDVs in two or more JBTS genes, indicating that such digenic/oligogenic inheritance relying on combinations of RDVs in JBTS genes could at most account for 5% of JBTS. Moreover, the probability of combined occurrence of RDVs in any two JBTS genes is 9.3%, based on ExAC allele frequencies, a probability that increases with the number of JBTS genes identified. Accordingly, we identified high rates of control individuals with RDVs in two or more JBTS genes in the NINDS and UK 1958 control data sets, indicating that such combinations of RDVs do not cause disease in the majority of cases. While this does not exclude digenic/oligogenic inheritance in a minority of cases through specific combinations of alleles or genes, we did not identify such situations in our analysis. The high overall proportion of heterozygous truncating RDVs in "unsolved" affected individuals suggests that some of these RDVs are contributing to disease. Based on our experience identifying additional second "hits" in individuals with single RDVs, these heterozygous RDVs most likely act in a recessive inheritance mode, where second RDVs in the same gene were missed with NGS owing to incomplete coverage, poor-quality sequence, difficulties detecting small indels, and larger copy-number variants 33 or location of variants outside the targeted regions (noncoding variants).
Oligogenicity as a disease mechanism for JBTS cannot be fully excluded by our work, since we did not evaluate variants in genes not associated with JBTS, nor did we evaluate noncoding variants. In fact, oligogenicity could be fully excluded only if a bona fide recessive cause were identified in every family with JBTS. However, until stronger genetic or functional evidence for alternative inheritance modes exists, we feel that digenicity/oligogenicity and triallelism based on RDVs in JBTS should not be routinely included in clinical genetic counseling for JBTS.
Lessons learned from population data: importance of genespecific variant patterns for clinical variant interpretation
Allele frequencies in controls and ExAC revealed much higher than expected "carrier" rates for RDVs in JBTS genes. In fact, nine individuals from the UK 1958 cohort and four individuals in the NINDS control cohort each have two RDVs in one JBTS gene. If these RDVs actually caused JBTS, the prevalence would be 1-2%, drastically higher than the observed 1/50,000-80,000. 4 While segregation analysis could not be performed for the control cohorts (owing to lack of parental samples), it is likely that many of these unaffected individuals carry the RDVs in trans. This indicates that a large proportion of rare alleles in controls are not disease-causing, despite prediction algorithms. Consistent with this hypothesis, the RDVs were much more often nontruncating in controls than in affected individuals. For genes such as CEP290, CSPP1, and C5ORF42, in which disease alleles are almost exclusively truncating, 6, 34, 35 this suggests that nontruncating alleles are unlikely to cause JBTS or other ciliopathies, regardless of their predicted deleteriousness. Conversely, for genes such as CC2D2A, TMEM67, or INPP5E, missense variants are more likely to be pathogenic, since they are commonly causal alleles in affected individuals.
Phenotypic discrepancies support the existence of genetic modifiers
Previously identified gene-phenotype correlations indicate that the causal mutations play an important role in determining the phenotypic severity. However, phenotypic discrepancies between family members with ciliopathies have been reported. 36 Recent work considering a large cohort with multiple different ciliopathies found a high concordance rate between causal alleles and disease category. 33 Our work focusing on a single ciliopathy with variable phenotypic features shows that phenotypic discordance of both progressive and nonprogressive features of JBTS is very common, even among individuals with identical causal alleles. These findings strongly support the existence of additional genetic and/or environmental factors that influence phenotypic outcome within a given ciliopathy disorder.
Lack of correlation between additional RDVs in JBTS genes and disease severity
Despite this strong evidence for genetic modifiers, we were unable to identify a correlation between additional RDVs in JBTS genes and the presence of phenotypic features. However, we made the intriguing observation that almost no truncating variants are found among the additional RDVs in affected individuals with established recessive causes. This could indicate that affected individuals are intolerant of additional highly deleterious variants in JBTS genes, which, if present, would lead to early lethality or phenotypes more severe than JBTS. This observation could be further evaluated by performing a similar analysis in a MKS cohort, where affected individuals might harbor more heterozygous truncating variants in addition to their causal RDVs. One explanation for the lack of correlation between RDV number and phenotypic severity in our analysis could be that additional RDVs may have opposite effects on the phenotype, some enhancing disease severity while others perhaps playing a protective role. In this case, the type of RDVs rather than the number should correlate with disease severity. Alternatively, JBTS genes may not act as genetic modifiers of each other, but rather variants in other ciliary (or nonciliary) genes may affect the phenotype in JBTS more strongly, as suggested by recent work in animal models. 37 Sequencing non-JBTS associated ciliopathy genes could address this hypothesis. Finally, the phenotypic variability may be caused by multiple relatively common variants of modest effect that are not predicted to be highly deleterious, including noncoding variants affecting gene expression levels, as recently described in C.elegans. 38 Given the rarity of JBTS and its prominent genetic heterogeneity, these possibilities will be challenging to test using human genetics alone, so functional studies may play a crucial role in recognizing genetic modifiers among more common variants.
Limitations
The varying quality of available phenotypic information on study subjects represents one limitation that could affect our analysis of genetic modifiers. Indeed, we relied on medical records of varying completeness as a result of the worldwide recruitment made necessary by the rarity of the disorder. In addition, low power of statistical analyses is consequent on small numbers, a limitation inherent in the study of very rare disorders. The fact that only 25 of the~30 JBTS-associated genes were analyzed likely has little impact on the conclusions of this work, since adding more genes would increase the number of individuals carrying RDVs in two or more genes among both affected individuals and in controls. Direct comparisons of the UK cohort to our in-house sequenced cohorts need to be considered with caution, given the different sequencing methodologies. However, this limitation is mitigated by the exclusive inclusion of high-quality variants for the analyses.
Caution in interpreting the significance of variant burden in recessive disease genes
As more genes are associated with human disorders, genomewide sequencing will increasingly identify RDVs in multiple genes associated with recessive disease in any given individual. Our systematic study using JBTS is a call for cautious interpretation of their clinical significance. Incorporating gene-specific variant information and patient-specific clinical considerations is critical, so a good flow of information between diagnostic laboratories, disease-specialized research groups, and clinicians remains the cornerstone for accurate interpretation of sequencing findings. Going forward, variant characterization is being improved on multiple fronts, including guidelines for variant interpretation 39 and large-scale variant sharing and curation efforts, such as the Clinical Genome Resource (ClinGen; https://www.clinicalgenome.org/40). 40 
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